Abstract: This work evaluated the level and nature of water-extractable soil organic
L abile organic matter plays important roles in soil quality and nutrient cycling because of its dynamic nature (He and Wu, 2015) . Soil health, often used synonymously with soil quality as some farmers prefer the term soil health to soil quality, may be evaluated by comparing the present condition of a soil with set reference points or baseline values that reflect the soil's overall quality (NRCS, 2016; Singer and Ewing, 2000) . In this research, we measured the concentrations and selected properties of water-extractable soil organic matter as part of the soil health properties affected by potato (Solanum tuberosum L.) crop rotations and irrigation, as labile organic matter pools can be considered as fine indicators of soil health that influence soil function in specific ways and that are much more sensitive to changes in soil management practice (Haynes, 2005) .
Water-extractable organic matter (WEOM) is part of the soil labile organic matter. Numerous studies have reported on the quality and quantity of WEOM under different land uses and management in arable land (Hassouna et al., 2012; Jaffrain et al., 2007; Ohno et al., 2009; Sun et al., 2013; Zhang et al., 2011b) . In addition to the changes in WEOM levels demonstrated in these studies, ultraviolet-visible (UV-vis) and fluorescence spectroscopic parameters are also frequently measured to characterize the chemical nature of WEOM samples. Among these parameters, specific UV absorbance at 254 nm (SUVA 254 ) and specific UV absorbance at 280 nm (SUVA 280 ) can be used as indicators of aromatic and hydrophobic contents, with E4/E6 (ratio of absorbance at 400 nm and 600 nm, or at 465 nm and Quantity and Nature of Water-Extractable Organic Matter from Sandy Loam Soils with Potato Cropping Management matter (WEOM) from a 6-yr potato (Solanum tuberosum L.) crop rotation field experiment. The content of WEOM was higher in continuous potato soils than in the 2-yr and 3-yr crop rotation soils except for those crop rotation soils with soil improvement management by composted manure. Irrigation increased the level of WEOM in crop rotation soils. Ultraviolet-visible and fluorescence parameters indicated that WEOM in continuous potato soil possessed a high degree of humification and that crop rotation increased the aromatic and low molecular mass portions. In most irrigated soils, WEOM contained less aromatic but higher humified components. Characterization of the WEOM samples with crop rotation and irrigation suggests that these management practices stimulate the decomposition of the humic fraction in soil organic matter pools, implying healthier soil conditions with these management practices than with continuous potato growth. 
Core Ideas
• 2-and 3-yr potato crop rotations did not increase the levels of water-extractable organic matter (OM).
• Potato crop rotation increased the less humified portions.
• Irrigation stimulated decomposition of nonpotato crop residues.
• Irrigation increased levels of water-extractable OM in potato crop rotation soils.
• Composted manure addition increased waterextractable low molecular mass and less humified OM. 665 nm) as the parameter indicative of decomposition and molecular size of the WEOM pool (Jaffrain et al., 2007; Zhang et al., 2011a; Zhao et al., 2013) . A humification index using the ratio of fluorescence emission intensity summation from 435 to 480 nm over the emission intensity summation from 300 to 345 with the excitation at 254 nm can be inferred as an indicator of humic material or the degree of decomposition (i.e., more humified organic components) (Cuss and Gueguen, 2015; . Similarly, a biological index using the fluorescence emission intensity at 380 nm divided by that at 430 nm with the excitation at 310 nm can be referred as an indicator of the presence of autochthonous biological activity (Cuss and Gueguen, 2015; Zhang et al., 2013) . Potato is grown in over 100 countries throughout the world (He et al., 2012a; Olanya et al., 2014) . During the late 1940s, Maine was the largest producer of potatoes in the United States. The potato production system in Maine is characterized by short (2-or 3-yr) rotations, extensive tillage, and minimal crop residue return, especially during the potato phase of the rotation. In contrast to other irrigated regions in the United States such as the Pacific Northwest, which have seen substantially elevated yields, the overall productivity of this system has not increased for several decades despite increasing inputs of pesticides, nutrients, and water, raising questions about what factors are limiting productivity (Halloran et al., 2013) . For this purpose, a field experiment in Presque Isle, ME, was established to identify the key constraints to potato productivity by evaluating five crop management systems under both rainfed and irrigated management . As a component of this project, this study determined the quantity and nature of WEOM from soil sampled under the different management systems. Part of the WEOM data of the rainfed soils was preliminarily analyzed as a case study . This study will increase the general knowledge on how cropping management affects labile organic matter content and quality. In addition, findings in this study can contribute to the overall goal of enhancing productivity and sustainability of the Maine potato industry. This work and other recent publications (Halloran et al., 2013; Larkin et al., 2016; Olanya et al., 2014 Olanya et al., , 2016 on the same project will also be helpful to global potato production practices as this project is a continuation of one of the eight global case studies compiled in the book Sustainable Potato Production (He et al., 2012a) .
Abbreviations

Experimental Procedures
A long-term field experiment of potato crop rotation was established at the USDA-ARS research site in Presque Isle, MN (46°41¢ N, 68°2¢ W) (He et al., , 2012b . The soil is classified as Caribou sandy loam (fineloamy, isotic, frigid Typic Haplorthods). The experiment consisted of a split-block design with five replicate blocks (plots) with irrigation and cropping system as the main and split factors, respectively. Each block or plot was 15 by 6 m (length by width) with four rows of crop planted (Olanya et al., 2014) . Potato or rotation crops had been planted with five production systems as (i) continuous potato (PP), a nonrotation control; (ii) status quo (SQ), a typical 2-yr rotation practice in the area of potato (Yr 1) followed by barley (Hordeum vulgare L.) (Yr 2); (iii) disease suppressive (DS), a mustard (blend of oriental and white mustard seeds, Brassica juncea L. and Sinapis alba L.) green manure-winter rapeseed (Brassica napus L. 'Dwarf Essex') (Yr 1) followed by sorghum sudangrass hybrid (Sorghum bicolor × S. bicolor var. sudanense L.)-winter rye (Secale cereale L.) (Yr 2) and then by potato (Yr 3); (iv) soil conserving (SC), a barley underseeded with timothy (Phleum pratense L.) (Yr 1) followed by timothy sod (Yr 2) and then by potato (Yr 3) with mulch after harvest; and (v) soil improving (SI), the same as SC but with compost (20 Mg ha -1 yr -1 ) added to each crop (Table 1) .
Fertilizer was applied in bands approximately 5 cm to the side and 5 cm below the seed at the annual rate of 2240 kg ha -1 of a commercial 10-10-10 (N-P-K) fertilizer. The fertilizer was composed of ammonium nitrate, di-ammonium phosphate, and potassium muriate. With the application rate, the mass of N, P, and K applied was 224, 99, and 186 kg ha -1 , respectively. All of the production systems were managed under both rainfed and irrigated conditions, and there were five replications of each treatment. A total of three and five water applications in field plots were made in a growing season suggested by on-site tensiometer readings. At each irrigation event, 1.25 to 1.27 cm of water was applied. Total rainfall, number of irrigation events for the growing months, and 30-yr rainfall averages are available in Larkin et al. (2016) .
Top-soil samples (0-20 cm depth) from the five replicate plots were collected after the completion of three 2-yr or two 3-yr crop rotation cycles. Soil samples were airdried and sieved (<2 mm). Soils were extracted by deionized water at a soil/solution ratio of 1:10. The mixtures were shaken for 30 min in an Eberbach reciprocal shaker (Ann Arbor, MI), centrifuged at 900 × g for 30 min, and filtered through a 0.45-mm filter (Pall Life Science, GN-6 Metrical Membrane Filter). Water-extractable organic C (WEOC) and water-extractable total N (WETN) in the extracts were determined using a Shimadzu TOC-V organic carbon and total nitrogen analyzer (Shimadzu Scientific Instrument, Inc., Columbia, MD). The extracts, after proper dilutions, were used for UV-vis and fluorescence spectroscopic measurements (Zhao et al., 2013) . For UV-VIS, the absorbance of the solution from 200 to 700 nm was measured using a 10-mm (width) quartz cuvette and a Shimadzu UV-VIS-near infrared spectrometer. Fluorescence excitation-emission matrix spectra of the extracts were determined using a Fluomax-4 (Jobin Yvon Horiba, Edison, NY) with excitation wavelengths of 240 to 400 nm and emission wavelengths of 300 to 500 nm. Humification index (HIX) and biological index (BIX) values were calculated from the spectra at their specific emission and excitation wavelengths (Cuss and Gueguen, 2015) .
Data Analysis
Analysis of variance on the effects of water management and crop rotations on the significance of WEOC, WETN, and BIX were computed by SAS Proc GLM (SAS Institute, Inc., Cary, NC). Means and associated standard errors for various variables under rainfed and irrigation treatments were computed by least significance difference (LSD) statistics.
Results and Discussion
The concentrations of WEOC samples ranged from 165 to 340 mg kg -1 of dry soil (Table 1) . Of the five management systems under rainfed areas, WEOC concentrations were in the order of SI3 > PP > BP2 > DS3 > SC3. Whereas the greatest WEOC concentrations in SI3 were due to the composted dairy manure applied, crop rotation did not increase the WEOC level. This observation was similar to that found for WEOC after the completion of the first rotation cycle . Analysis of variance on the effect of water management (rainfed and irrigation) and crop rotation differed significantly (P < 0.05) for WEOC, WETN, and BIX ( Table 2 ), indicating that WEOC, WETN, and BIX varied among rotations and water management treatments. The WEOC concentration extracted with air-dry soils after two cycles of rotation (average 215 mg kg -1 of dry soil) was consistently higher than the concentration of the corresponding fresh moist soils after the first cycle of rotation (average 118 mg kg -1 of dry soil). Similarly, a 2-to 10-fold increase in WEOC was observed in air-dried soil samples in comparison to their field moist counterparts (Sun et al., 2015; Zhao et al., 2012) . The increased WEOM concentration in air-dried soils may partly come from lysed microbial cells during the drying and rewetting cycles at the pretreatment and extraction stage (Sun et al., 2015) . Furthermore, Sun et al. (2015) found linear relationships for WEOC concentrations when the air-dried and fresh soils were analyzed and between the frozen-stored and fresh soils. This implies a systematic shift in the extractability of soil organic C during the sample pretreatments and storage. Therefore, systematic analysis of a set of either fresh or dried samples is still acceptable. Nonetheless, one should be aware that some differences in WEOC may be the result of different sample pretreatments in cross-data comparison. 36.9 ± 0.1 29.2 ± 0.6 0.541 ± 0.006 0.532 ± 0.009 † The fluorescence emission intensity at 380 nm divided by that at 430 nm with the excitations both at 310 nm. ‡ Data are presented in average ± standard error (n = 5). § Only one data point is available due to missing samples. *, **, *** Significant at P = 0.05, P = 0.01, and P = 0.001 levels, respectively. † Rep = field replicates. Water mgmt = water management (rainfed and irrigation treatments). Rotation refers to the different rotation treatments (PP, BP1, BP2, DS1, DS2, DS3, SC1, SC2, SC3, SI1, SI2, SI3).
Table 1. Potato crop rotation managements, concentrations of water-extractable organic C (WEOC) and water-extractable total N (WETN), and biological index (BIX) of rainfed (R) or irrigation (I) soils.
When the interactions of water management and rotation were examined, irrigation decreased WEOC content of PP, BP2, and SI3 soils but increased the concentrations of DS3 and SC3 soils. The increase in WEOC concentrations of DS3, SC3, and also SI3 were observed after the completion of the first 3-yr rotation trial . These observations suggest that the impact of irrigation on WEOC differed among the cropping rotation practices as noted in the ANOVA (Table 2) . Furthermore, the change of the whole WEOM pool after the completion of the first rotation cycle was consistent with the changes of the microbial biomass C level (He et al., 2010) , suggesting that part of the WEOM components was from the soil microbial biomass. However, unlike the previous work (He et al., 2010 , this study also determined the WEOC content of other non-potato soils ( Table 1 ). The WEOC concentrations in most irrigated non-potato crop soils were higher than the corresponding rainfed non-potato soils. It seems that irrigation (water application) increased the level of WEOM in crop rotation soils by stimulation of decomposition of non-potato crop residues. The WETN level was about 10 times lower than WEOC in the corresponding soils. However, the two parameters were highly correlated ( Table 3 ), indicating that both WEOC and WETN were part of WEOM in these soil samples. This close relationship suggests there is no need to measure the two parameters separately unless specific nutrient information is sought.
The chemical nature of WEOM in these soils was characterized by four UV-vis and fluorescence parameters (Fig. 1) . Data of SUVA 254 and SUVA 280 were highly correlated (Table 3) , although the values of SUVA 254 were higher than SUVA 280 of the same sample (Fig. 1) . Generally, crop rotation increased, but irrigation decreased the values of both parameters, indicating the different impact of the two management practices on the WEOM aromaticity or hydrophobic content. The WEOM samples from PP and BP2, DS1, and DS2 with SUVA 254 were approximately 2.0 mg -1 of C m -1 L and could be attributed to the dominance of non-humic matter. Other rotation samples with higher SUVA 254 could be a result of the inherent low aromaticity of indigenous plant-derived structures and of their rapid elimination (De Troyer et al., 2011; Hassouna et al., 2012) .
The typical E4/E6 values are 3.3 to 5.0 for soil humic acid and 6.0 to 8.0 for fulvic acid (Tan, 2003) but are also dependent on the molecular size as the ratios were 3.6 and 15 for high (>3 K Dalton) and low molecular mass fractions of humic acid, and 10.2 and 22 for the two fractions of fulvic acid (He et al., 2006) . The E4/E6 ratio was 7.0 and 14.7, respectively, for rainfed and irrigated PP soils, indicating the higher molecular mass humic materials in rainfed PP soil. Soil conservation and improvement managements led to the increase in E4/E6 ratios of WEOM of rainfed soils, implying that greater low-molecular-mass WEOM fraction was probably contributed by crop residues and composted manure in these two management practices. In contrast, the difference in E4/E6 values between rainfed and irrigated samples became smaller in rotation field soils, implying less impact of irrigation on the composition of WEOM in rotation soils than PP soils. There was no statistically significant (P > 0.05) correlation coefficients between E4/E6 and SUVA 254 or SUVA 280 , suggesting that E4/E6 is an independent parameter. However, positive correlation coefficients were found between E4/ E6 and WEOC as well as WETN in the rainfed and all samples, but not with irrigated samples only (Table 3) . In contrast, the correlation coefficients between E4/E6 and HIX were statistically significant (P < 0.05) for irrigated samples, but not for rainfed samples. The impact of crop rotation and irrigation on HIX was apparent as the HIX values were all lower (<10) in rotation samples than in PP samples (>13), and the differences in HIX values were also smaller between the rainfed and irrigated soils with the same rotation than the two PP samples. In addition, the HIX values of rainfed DS treatment and SC3 were higher than the values of their irrigated counterparts, indicating the greater suppression of the HIX by irrigation in these soils. The higher degree of humification of WEOM in PP soils made it less labile, partly explaining the higher levels of WEOM in PP soils than in some BP, DS, and SC rotation soils.
To further explore the origin of the WEOM pool, we calculated the BIX per the fluorescence emission ratio at 380 and 430 nm with excitation at 310 nm. The interactions of water management and rotation were significant (P < 0.01) for the BIX values ( Table 2 ), suggesting that they varied among water management and rotation treatments. Overall, there was little variance among the BIX values in those samples analyzed. By comparison, BIX values of 0.25 to 1.25 were reported in lake WEOM samples . The high BIX (>1) was attributed to a predominantly autochthonous origin of WEOM and to the presence of organic matter freshly released into water, whereas a low BIX indicated lower autochthonous WEOM production . Furthermore, decomposition of the autochthonous organic matter components led to a remarkable decrease of BIX, followed by the production of new humic-like fluorescence peaks. Thus, we concluded that the WEOM pool in our soil samples came less from the fresh active crop root and indigenous microbial exudates (Monreal and Schnitzer, 2015) and mainly from the decomposed crop residues. Crop rotation and irrigation differentially stimulated the decomposition and humification processes, leading to greater changes of humic-related indicators (e.g., HIX and E4/E6) than of BIX between these samples.
Summary
We found that crop rotation decreased the level of soil WEOM in rainfed potato fields except when there was external input from manure compost. However, irrigation increased the level of WEOM in management practices related to disease suppression, soil conservation, and soil improvement. In all these cases, there were plant residues or compost incorporation. Ultraviolet-visible and fluorescence data indicated that the nature of the WEOM pool of potato soils was mainly decomposed and humified organic components. The UV-vis and fluorescence data of these WEOM samples also indicated that management practices that include crop rotation and irrigation stimulate the decomposition of the humic fraction in the soil organic matter pool. This implies that healthier soil conditions will result with these management practices than with continuous potato growth. Table 1 for more information.
